A new concept for a micro pressure sensor is demonstrated. The pressure difference between the inlet and the outlet of glass nanochannels is obtained by measuring the electrokinetically generated electric potential. To demonstrate the proposed concept, experimental investigations are performed for 100 nm wide nanochannels with sodium chloride solutions having various concentrations. The proposed pressure sensor is able to measure the pressure difference within a 10% deviation from linearity. The sensitivity of the electrokinetic pressure sensor with 10 −5 M sodium chloride solution is 18.5 µV Pa −1 , which is one order of magnitude higher than that of typical diaphragm-based pressure sensors. A numerical model is presented for investigating the effects of the concentration and the channel width on the sensitivity of the electrokinetic pressure sensor. Numerical results show that the sensitivity increases as the concentration decreases and the channel width increases.
Introduction
The research discipline of microfluidics deals with transport phenomena and fluid-based devices with microscopic amounts of fluid [1] . Microfluidics has received enormous attention as microfabrication technology for electronic devices has been extended to machining microsensors, micropumps and microvalves since the late 1980s [2] [3] [4] [5] . To control and monitor fluid flow in these microfluidic devices, there has to be a means of measuring pressure accurately.
The majority of micro pressure sensors are diaphragmbased sensors [6] [7] [8] [9] [10] [11] . These sensors share a common characteristic of having deformable diaphragms.
In diaphragm-based sensors, the amount of deflection is directly proportional to the applied pressure. The pressure is then determined by measuring the deflection of the diaphragm due to the applied pressure. Although widely used, diaphragmbased pressure sensors have inherent limitations. First, they are not mechanically robust. When the diaphragm is subjected to a pressure difference above the yield point, the diaphragm will not return to its initial shape. Even when the sensor is subject to a fluctuating pressure difference less than the yield point, the sensor output varies with time as a result of structural fatigue due to cyclic strains. Second, pressure measurements with diaphragm-based sensors require complex signal conditioning systems. Diaphragm-based pressure sensors require external voltage or current excitation signals to measure electrical resistances or capacitances. The sensors produce small output signals, which require amplification and filtering. In addition, the capacitive pressure sensors have complex circuit requirements due to excessive signal loss from parasitic capacitances. Therefore, there is considerable impetus to develop a new type of a micro pressure sensor.
In the present study, to overcome the two limitations stated above, a new concept for a pressure sensor based on the electrokinetic phenomena is suggested.
The pressure difference between the inlet and the outlet of glass nanochannels is obtained by measuring the electrokinetically generated electric potential. To demonstrate the proposed concept, experimental investigations are performed for 100 nm wide nanochannels with sodium chloride solutions. A numerical model based on the control volume method is presented for predicting the sensitivity of the electrokinetic pressure sensor. The effects of the concentration and the channel width on the sensitivity of the electrokinetic pressure sensor are also investigated using the numerical model.
Operating principle
It is well known that current and potential are produced by the flow of a buffer solution in a channel that contains surface charges on its walls [12, 13] . Generally, most substances will acquire surface charges when brought into contact with a polar medium. The charging mechanisms include ionization, ion adsorption and ion dissolution. These charges draw oppositely charged ions (counter-ions) toward the surface and repel likecharged ions (co-ions) away. These attraction and repulsion, when combined with the mixing tendency resulting from the random thermal motion of the ions, lead to the formation of the so-called electric double layer. The electric double layer is a region close to the charged surface in which there is an excess of counter-ions over co-ions to neutralize the surface charge. For example, consider an aqueous NaCl solution in contact with SiO 2 of pH 7. The glass surface becomes negatively charged due to deprotonation of the surface silanol groups. The H + (H 3 O + ) and Na + ions will preferentially concentrate near the negatively charged surface. When a pressure gradient is applied parallel to the charged surface, the pressure-driven flow generates bulk liquid motion, which forces a net charge migration of ions in the double layer through viscous interaction. The charge migration naturally generates electrical power. Thus, mechanical energy is electrokinetically converted into electrical energy. Generally, the electrical power increases with the applied pressure gradient [14] . Therefore, it is possible to measure the pressure difference by correlating generated electric power with the pressure difference. When the external sensor circuit is open, we can measure the pressure difference by measuring the streaming potential, which is defined as the flow-induced voltage difference at zero current.
Electrokinetic energy conversion has been used in a variety of applications, including micro batteries and micro pumps. A battery using electrokinetic phenomena was reported by Yang et al [15] , where they presented a theoretical model and results obtained from related experiments. A porous glass filter, 20 mm in diameter with pore sizes from 10 to 16 µm was used to obtain a current of 1-2 (µA from a 30 cm hydrostatic pressure drop. The maximum efficiency was estimated to be on the order of 0.01%. Chen et al [16] presented a microchannel electroosmotic pump producing a maximum pressure of 33 kPa and a maximum flow rate of 15 µl min −1 at 1 kV. Laser et al [17] increased the number of pumping channels, thus producing a flow rate of more than 100 µl min −1 . Chun et al [18] and van der Heyden et al [19] developed micro power generators using electrokinetic phenomena. Recently, Kim et al [20] presented an electrokinetic flow meter for measuring the flow rates of buffer solutions. However, to the authors' knowledge, there has been no study focusing on the electrokinetic pressure sensor.
From now, a new concept for a micro pressure sensor using electrokinetic energy conversion phenomena in glass nanochannels is suggested in detail. A schematic diagram for the electrokinetic pressure sensor is presented in figure 1 . When there is a pressure difference between the two air ports, flow of the working solution is produced in the nanochannels. Advection and reverse electromigration of ions occur and an equilibrium state is quickly reached. As a result, a steady voltage, which is called the streaming potential, develops along the length of the channels. The streaming potential is linearly proportional to the pressure difference. Therefore, the pressure difference between two columns can be obtained by measuring the streaming potential with electrodes at the inlet and the outlet of the nanochannels. When H w c , the streaming potential V st is given as
where is permittivity and the correction factor f is defined as the ratio of the streaming potential in the real channel to that in the infinitely large channel
When f = 1, equation (1) reduces to the well-known Helmholtz-Smoluchowski result. This correction factor also represents the difference between the advection and reverse electromigration of ions in the electric double layer and those in the bulk liquid. The correction factor is obtained using a numerical model later in this paper. λ the dimensionless electrical conductivity and the pressure difference, respectively,
The zeta potential ζ is the electric potential at the shear surface. The Debye length λ D is the characteristic length of the electric double layer and is given as
where z 0 , c 0 , + , − , F and µ are the charge number, bulk electrolyte concentration, molar conductivity for cations, molar conductivity for anions, Faraday constant and viscosity, respectively. In the present study, we consider a simple fully dissociated symmetrical salt in the working solution for which the number of positive and negative ions are equal.
Experimental work
In the previous section, the operating principle for the electrokinetic pressure sensor was presented. This section describes experiments conducted to validate the proposed operating principle. The nanochannels for the electrokinetic pressure sensor were fabricated on a silicon wafer. The fabricated chip and the fabrication process are shown in figures 2 and 3, respectively. Initially, 100 channels (W = 1 mm, H = 20 µm) are etched by deep reactive ion etching. Inlet and outlet ports were then etched from the backside of the wafer. After the etching processes, the channel width w c was reduced to about 100 nm by thermal oxidation. Titanium and platinum layers were deposited on a Pyrex 7740 glass cover to function as electrodes. The Pyrex cover was thermocompressively bonded to a silicon wafer to seal the channels. After that, the fabricated chip was washed for an hour using potassium phosphate buffered saline (Gibco k-PBS, pH 7.2) and subsequently aged for 24 h in distilled water. This chip was used without any further surface coating.
The fabricated nanochannels were used in conjunction with the experimental apparatus, a schematic diagram of which is provided in figure 4 . A syringe pump (KDScientific 210) was used to create a pressure difference across the nanochannels. This pressure difference was measured with a differential pressure transducer (Validyne). While the pressure difference was measured, the streaming potential across the nanochannels was measured by an electrometer (Keithley 6514 Programmable Electrometer) with a high impedance. We conducted experiments over a pressure difference range of 150-500 kPa. Sodium chloride solutions were used as the working fluid. We conducted experiments for concentrations of 0.01, 0.1, 0.33 and 1 mM. The pH of solutions was measured to be 5.7 ± 0.3. Each experiment was conducted four times. 
Numerical model
In the previous section, experiments conducted to validate the proposed electrokinetic pressure sensor concept were presented. This section describes a numerical model for interpreting experimental data and investigating characteristics of the sensitivity of the electrokinetic pressure sensor.
The numerical model focuses on the problem of electrokinetic energy conversion in rectangular nanochannels as depicted in figure 1. The computational domain is shown in figure 1(b) . For simplicity, the flow is assumed to be hydrodynamically fully developed. It is assumed that all physical properties are constant. We also assume an ideal solution of a fully dissociated symmetrical salt.
The governing equations and boundary conditions are given as =
where c + , c − , u, p, and V are cation concentration, anion concentration, velocity, pressure, electric potential resulting from the surface charges and voltage difference between electrodes, respectively. The Poisson equation is solved for the electric potential field and the Navier-Stokes equation is used to describe the velocity field [12, 21] . The current density is expressed as
where σ is the electrical conductivity
Assuming that the aspect ratio of the channel is much higher than 1, the effects of the top and bottom surfaces on the velocity and electric potential fields are negligible. In this case, the governing equations given in equation (5) and (6) can be further simplified
Finally, numerical results are obtained by solving equations (7), (12) and (13) . The governing equations are discretized by the control-volume-base finite difference method. When equation (7) is discretized, the nonlinear term in the right-hand side can be linearized with the following equation:
where * is the previous iteration value of . The linearization enhances the convergence of the iterative solving procedure. The discontinuity of the viscosity and the electrical permittivity at the interface is treated by utilizing the harmonic mean formulation [22] . The values of the molar conductivities for electrolytes used in this study are given in chapter 2 of [12] . A non-uniform grid is used to employ a fine grid near the surface. Discretized governing equations are solved by the Gauss-Seidel method. The sequence of numerical simulation to obtain the correction factor f can be stated as (1) Start with the fixed dp/dz and guessed electric potential field resulting from the surface charges * . (2) Obtain concentration fields c + , c − by solving equation (7) with guessed * . (3) Solve equation (12) (13) numerically with the guessed V . (7) Solve equation (10) to obtain current density field i by using obtained velocity field u. (8) Obtain current by numerically integrating current density field i. (9) If current is not zero, newly guess V , and return to step 6, and repeat steps 6-9. If current is zero, then the guessed V is the streaming potential V st . (10) Calculate the correction factor f with obtained V st and the fixed dp/dz. The present numerical model is validated in appendix A. As shown in equation (1), the streaming potential is given as a function of the correction factor f. Figure 5 shows the correction factor f for various dimensionless Debye lengths, dimensionless zeta potentials and dimensionless electrical conductivities. The correction factor increases as the dimensionless Debye length and the dimensionless zeta potential decrease. The correction factor does not strongly depend on the dimensionless electric conductivity. When the dimensionless Debye length is much less than 1, the value of the correction factor becomes 1. The influence of the correction factor on the performance of the electrokinetic sensor will be discussed later. Figure 6 shows measured streaming voltages for various pressure differences and concentrations. The streaming potential is linearly proportional to the pressure difference in every case. The electrokinetic pressure sensor measured the pressure difference with a nonlinearity of less than 10% of the reading.
Results and discussion
The static sensitivity is a standard to show a sensor's ability to detect pressure changes and is a critical performance parameter for a pressure sensor. Figure 7 shows the sensitivity of the electrokinetic pressure sensor, which is obtained by reducing the experimental data shown in figure 6 . The sensitivity increases with decreasing the concentration. The sensitivity of the electrokinetic pressure sensor with 10 −5 M sodium chloride solution was 18.5 µV Pa . Typically, the sensitivity of a diaphragm-based pressure sensor is about 1 µV Pa −1 [23, 24] . Therefore, the sensitivity of the electrokinetic pressure sensor is one order of magnitude higher than that of a diaphragm-based pressure sensor. In terms of sensitivity, this result suggests that the electrokinetic pressure sensor is a better choice for measuring pressure. The sensitivity of the electrokinetic pressure sensor varies considerably when the concentration, working solution type and channel size are changed. This is due to the dependence of the efficiency of electrokinetic energy conversion on these parameters. Therefore, to maximize the sensitivity, it is necessary to study the effects of these parameters on the sensitivity. In this study, the characteristics of the sensitivity of the electrokinetic pressure sensor are investigated using the numerical model presented in the previous section. The zeta potentials for the numerical model are obtained from results given in [25] (see the appendix B). Figure 8 shows the sensitivity for various solutions. Generally, the sensitivity increases as the concentration decreases. This is mainly due to the fact that the sensitivity increases as the electrical conductivity of the solution is decreased, as delineated in equation (1) . However, we should note that the method of increasing the sensitivity by decreasing the concentration may not be applicable to the region of λ * D 1. In this region the ion-enrichment and ion-depletion effects emerge as the concentration decreases [26, 27] . These phenomena result not from pressure driven flow, but from secondary electro-osmotic flow generated by the streaming potential. However, the influence of these phenomena, which arise from secondary flow, can be insignificant. Figure 9 shows that the sensitivity increases as the channel width increases. As the channel width increases, the dimensionless Debye length decreases, the correction factor f increases, and the sensitivity consequently increases. (Note that the method of increasing the sensitivity by increasing channel width is limited with respect to the degree of improvement that is possible before the input impedance is compromised. See the appendix C.) When w c > 10 nm, the value of the sensitivity approaches
, because f = 1 in this region. As shown in figures 8 and 9, when c 0 = 10 −5 M, w c = 100 µm and NaCl solution is used as the working solution, the sensitivity of the electrokinetic pressure sensor is about 600 µV Pa . This value is two orders of magnitude higher than that of a typical diaphragm-based pressure sensor.
In terms of sensitivity, the results from the numerical simulation suggest that the electrokinetic pressure sensor is a better choice for measuring pressure. Furthermore, the electrokinetic pressure sensor has several other advantages. First, it has no moving parts and its structure is very simple and robust. Second, the energy to operate the device is extracted from the flow itself. Voltage or current excitation signals are not required. A simple signal conditioning system is sufficient for the electrokinetic pressure sensor. However, further modification is needed to improve the long-term reliability of the electrokinetic pressure sensor. The streaming potential was observed to change when experiments were conducted over a two day period. It is because the final equilibrium structure of the solid and solution sides of the interface was not established [28] . It is expected that this long-term drift can be reduced significantly by soaking the sensor chip in the working fluid for one or two months [29] . Instead of this tedious solution, a better surface treatment may reduce the time required to make the stable interface.
Conclusion
A novel electrokinetic pressure sensor was suggested and demonstrated. The pressure difference between the inlet and the outlet of glass nanochannels was obtained by measuring the electrokinetically generated electric potential. Experimental investigation shows that the proposed pressure sensor can measure the pressure difference with a nonlinearity of less than 10% of the reading. The sensitivity of the sensor with 10 −5 M sodium chloride solution is 18.5 µV Pa
, which is one order of magnitude higher than that of typical diaphragmbased pressure sensors. Results of a numerical simulation revealed that the sensitivity of the electrokinetic pressure sensor increases as the concentration is decreased and the channel width is increased.
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Appendix A. Validation of the numerical model
To validate the numerical model presented in this paper, the electric potential and velocity distributions obtained from the numerical simulation are compared with analytic solutions for the flow between two parallel plates. For z0F RuT 1, analytic solutions exist and are given in [28] .
2µ − dp dz
As we can see in figure A1 , the electric potential and velocity distributions are accurately predicted with the numerical simulation. The current density distributions obtained from the numerical simulation are also compared with results from [14] . As shown in figure A2 , the current density distributions are accurately predicted with the numerical simulation.
Appendix B. Zeta potentials of aqueous solutions in contact with SiO 2
To investigate the characteristics of the proposed electrokinetic pressure sensor, we use the numerical model presented in the section 4. The zeta potentials for various aqueous solutions are required to conduct the numerical simulation. The zeta potentials at pH 7 are obtained from [25] and presented in figure B1 . In the interfacial science the literature [13, 30] , it has been recognized that the zeta potential is a function of the bulk electrolyte concentration. Therefore, from these experimental results, we established correlations that show the relationship between the zeta potential and the bulk electrolyte concentration. The correlations are given in table B1 and are depicted in figure B1 as lines. The zeta potentials of NaCl solutions can be obtained by reducing the experimental data shown in figure 6 as well. From equation (1) , the zeta potential is given as
The zeta potentials for several concentrations are shown in figure B2 . As shown in the figure, as the concentration increases, the zeta potential increases for c 0 < 10 −4 M and decreases for c 0 > 10 −4 M. All the zeta potentials are in the order of 10 mV. These trends correspond with those presented in figure A1 .
Appendix C. Input impedance of the electrokinetic pressure sensor
The introduction of any measuring instrument into a measured medium always results in the extraction of some energy from the medium, thereby changing the value of the measured quantity from its undisturbed state. The concept of input impedance serves as a numerical means of characterizing this 'loading' effect of the sensor on the measured medium [31] . In the case of the pressure sensor, we can define the input impedance by
where Q is the flow rate. We see that the power drain is pQ and that a large input impedance is needed to keep the power drain small. In the case of the electrokinetic pressure sensor, the input impedance is given as
which is inversely proportional to w 3 c . In the paper, it was shown that it is possible to increase the channel width to increase the sensitivity of the electrokinetic pressure sensor. However, this design change decreases the input impedance, as presented in equation (C2) and figure C1 . This results in a less rugged and less reliable sensor. Therefore, the method of increasing the sensitivity by increasing channel width is limited in terms of the degree of improvement that is possible before the input impedance is compromised.
